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SPECIFICATION 

1. Title of the Invention 

Semiconductor Device 

2 . Scope of Claim 

1. A semiconductor device, characterized in that it 

comprises an amorphous or a polycrystalline semiconductor of a 
single conductive type, on which an amorphous or a 
polycrystalline semiconductor of the same or a different conduc- 
tive type is provided by adding at least an additive capable of 
changing the energy band into the same semiconductor material as 
that constituting the aforementioned semiconductor. 

2. A semiconductor device as claimed in Claim 1, 
wherein the semiconductor comprises silicon, germanium, or 
silicon carbide, and the additive comprises carbon, nitrogen, or 
oxygen . 
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3. A semiconductor device as claimed in Claim 1, 
wherein a light is irradiated to the boundary between the semi- 
conductors differing in energy band and having the same or 
different conductive type, thereby inducing photoelectromotive 
force. 

3. Detailed Description of the Invention 

The present invention relates to a semiconductor 
device comprising an amorphous or a polycrystalline semiconduc- 
tor of a single conductive type, on which an amorphous or a 
polycrystalline semiconductor having a conductive type that is 
the same as or different from that of the above semiconductor is 
provided by adding at least an additive capable of changing the 
energy band into the semiconductor material constituting the 
above semiconductor . 

The present invention relates to a semiconductor 
device comprising an amorphous or a polycrystalline semiconduc- 
tor such as silicon, germanium, or silicon carbide, on which 
another semiconductor having the same crystalline structure 
obtained by dispersing sufficiently uniformly therein an addi- 
tive such as carbon, nitrogen, or oxygen is provided, thereby 
allowing the transition of energy band to occur continuously at 
the boundary between the semiconductors differing in energy gap 
or in the vicinity thereof. Furthermore, a PN or a PIN junction 
is provided at the boundary or in the vicinity thereof, and a 
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light is irradiated to the junction to induce photoelectromotive 
force. 

Conventionally, in case that semiconductors differing 
in energy band are brought into contact with each other, a 
hetero- junction develops at the boundary therebetween. For 
instance, because they are both mono-crystallines, in case GaP 
and GaAs are joined, a hetero- junction of a discontinuous 
stepped type as shown in Fig. 1 generates at the interface of 
the two energy gaps (referred to hereinafter as "Eg"). Because 
of such a mismatch, interface states (5) (referred to hereinaf- 
ter as "Ns") generate in addition to a notch (3) and a jump (4) 
in case of a junction such as of Gao. 8 As 0 . 2 As (1) and GaAs (2). 
Then, the electrons or hole carriers undergo recombination 
through the Ns and disappear at the junction. 

This results not only in a short carrier life time, 
but also more importantly, in a more serious problem. More 
specifically, in case a particular function is intended to 
achieve by the junction, in case of generating 
photoelectromotive force, for instance, the photoexcited charges 
were found to disappear before generating the electromotive 
force. Furthermore, in case one intended to obtain a PN junction 
semiconductor diode, the reverse withstand voltage was found to 
be too low, and the diode resulted in a soft diode. Fig. 1 (A) 
shows a case of an N-P junction. In case of an N-N junction 
shown in Fig. 1 (B) , a spike (6) is observed to generate in 
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addition to Ns (7) . It causes a serious problem that the spike 
hinders the transfer of the electrons. The present invention 
prevents such notches, jumps, and spikes from generating. That 
is, the principal object of the present invention is to make the 
energy band to change continuously at the junction. Furthermore, 
the present invention is characterized in that the generation of 
Ns attributed to the dangling bonds and the crystal defects is 
eliminated or greatly reduced. These dangling bonds and crystal 
defects were inevitable in the conventional hetero- junctions due 
to the disordering of the crystal lattices at the boundary. By 
utilizing the constitution of the present invention, i.e., the 
continuous junction achieved from the viewpoint of energy band, 
a novel semiconductor device can be developed acceleratingly 
using the difference in energy band. 

The present invention is described below by making 
reference to Examples. 

The basic concept of the present invention resides in 
the constitution that an amorphous semiconductor (inclusive of 
polycrystalline materials having a short range ordering in the 
range of from 5 to 100 A in addition of amorphous materials in a 
true sense) or a polycrystalline semiconductor of a single 
conductive type (polarity), such as silicon, germanium, or 
silicon carbide (which are collectively related to hereinafter 
as non-single-crystalline semiconductor) , or a semiconductor 
obtained by uniformly dispersing therein carbon, oxygen, nitro- 
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gen, etc., is used. The term "uniform dispersion" as used herein 
signifies that the quantum waves of the additives are arranged 
in the direction which locally causes interaction with each 
other . 

A material which functions as a semiconductor, for 
instance, silicon, is deposited using a gaseous silicide such as 
silane, dichlorosilane, etc., to form a film on a metallic, a 
semiconductor, or an insulator substrate, or on a composite 
substrate obtained by depositing a metallic film and the like on 
a part or on the entire surface of an insulator such as a glass 
or a ceramic substrate. Accordingly, gaseous silicide such as 
silane and dichlorosilane, a carrier gas such as gaseous hydro- 
gen or hydrogen chloride, and an impurity source such as phos- 
phine, arsine, or diborane were introduced from the inlet side 
into the reaction furnace made of a heat resistant glass such as 
quartz and the like or a stainless steel. The impurity sources 
are provided to supply phosphorus, arsenic, or boron, to impart 
a certain conductive type (polarity) to the semiconductor. 
Furthermore, gaseous carbide, nitride, or oxide, such as meth- 
ane, ammonia, or oxygen, were provided so that they may be mixed 
with other gases. The inside of the reaction furnace can be 
evacuated by using an evacuation or a vacuum pump to achieve a 
vacuum with a pressure as low as 0.001 torr. The substrate was 
held by a susceptor, and was introduced into the reaction fur- 
nace. The reaction furnace was then evacuat d to a vacuum degree 



in a range of from 0.1 to 10 torr, and high frequency heating at 
1 to 50 MHz together with radiation heating was applied to the 
substrate while exciting or decomposing the reactive gases. The 
reactive gases provide a film on the substrate. If the substrate 
should be held in a temperature range of from room temperature 
to 500°C, an amorphous film results. If the substrate should be 
maintained in a temperature range of from 350 to 900°C, a film 
having a polycrystalline structure was obtained. If epitaxial 
growth is effected by using a single-crystalline substrate under 
a temperature of 900°C or higher, a single-crystalline can be 
obtained. However, it was confirmed experimentally that such 
single-crystalline semiconductors are unable to acquire the 
structure of the present invention. Accordingly, the use of a 
non-single-crystalline film is the first characteristic point of 
the present invention. Then, by doping an impurity which indi- 
cates N conductivity type in a semiconductor, such as phosphine 
(PH 3 ) or arsine (AsH 3 ) , at a concentrarion of 10*4 to 1022 C m-3 to 
said non-single crystalline semiconductor film, a so-called N- 
type semiconductror can be obtained. If diborane (B 2 H 3 ) is used 
at the same density in the place of phosphine or arsine, a P- 
type semiconductor can be obtained. If no impurities should be 
added, a so-called substantially intrinsic semiconductor is 
obtained because of the intrinsic nature or the contamination of 
impurities at the background level of the apparatus. In addition 
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to the material constituting semiconductor, i.e., silicon, the 
non-single-crystalline film contains hydrogen, deuterium, or a 
halide such as chlorine at a concentration of from 0.2 to 200%. 

The impurities thus incorporated into the semiconduc- 
tor suppresses the generation of recombination centers by form- 
ing bonds with dangling bonds, and electrically neutralize 
(inactivate) silicon. The addition of hydrogen or a halide at 
the same time or after forming the film was particularly impor- 
tant for realizing an industrially practical process according 
to the present invention. In the present invention, the addition 
of the impurities was implemented by activating hydrogen or a 
halide at the same time of electrically activating the reactive 
gas. Furthermore, in the Examples of the present invention, 
carbon, nitrogen, and oxygen were uniformly dispersed and added 
into the semiconductor. Carbon was supplied by using CH 4 or C 2 H 6 , 

while nitrogen and oxygen were supplied by using ammonia (NH 3 ) 

or hydrazine (N 2 H 4 ) , and H 2 0 or 0 2 , respectively. Otherwise, two 

or more types of impurities may be added at once as a mixture by 
combining nitrogen with oxygen, carbon with nitrogen, etc., 
while using hydrogen or chlorine as the carrier gas together 
with N 2 0, N0 2 , an alcohol such as CH 3 OH, C0 2 , or CO. If oxygen, 

nitrogen, etc., should be added after forming a single-crystal- 
line semiconductor film, they form compounds such as silicon 
oxide (Eg = 8 eV) or silicon nitride (Eg = 5.5 eV) which func- 



- 7 - 



tion as insulators. However, by adding these additives at the 
same time of forming the silicon film while applying electric 
energy alone or a combination of electric energy and heat, 
semiconductors with an intermediate energy gap in the range of 
from 1.1 to 3 eV (SiC) , or of 5.5 eV (Si 3 N 4 ) , or of 8 eV (Si0 2 ) 

were obtained depending on the stoichiometric ratio of the 
additives added. The Eg of the films were measured by utilizing 
photoluminescence or by means of photoexcitation method. 

Because the two semiconductors both have the non- 
single-crystalline structure, a special Ns does not develop in 
Eg as does in a case in which a hetero- junction is present only 
at the boundary. Furthermore, a stepped but continuous energy 
gap with independently provided conductive band and valence band 
or a smoothly changing continued energy gap was obtained. 

The degree of change in Eg at the junction was con- 
trolled by adjusting the film deposition rate in a range of from 
0.1 to 10 |a/minute and by turning the doping of the additives ON 
and OFF or continuously changing the doped quantity in steps. 
What is important is, however, although depending on the fabri- 
cation process, that no Ns, which is attributed to stacking 
disorder of crystal lattices and the like and which is often 
found in hetero- junctions of single-crystalline semiconductors, 
generated at the changing boundary of Eg or in the vicinity 
thereof. Moreover, no notches, spikes, etc., were found in 
conductive band and the valence band which are the edges of Eg; 
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or at least, they were found substantially absent. This is 
believed attributable to the fact that Eg is determined accord*- 
ing to the stoichiometric ratio. The above described example is 
effected by using low pressure CVD (chemical vapor deposition) 
or glow discharge process, and in case it is intended to change 
the energy band in the close vicinity of the surface of the 
semiconductor, oxygen, nitrogen, or carbon is bombarded to the 
semiconductor by means of ion implantation at an accelerating 
voltage of from 100 to 400 KeV to incorporate the ions at a 
density of from 10*5 to 1022 cm-3, more specifically, for example, 
at a density of 10* 7 cirr*. In this manner, a semiconductor junc- 
tion distributed in accordance with Gauss distribution can be 
obtained in a depth of from 500 to 1,500 A with a continuous Eg. 

In the present invention, the two semiconductors 
differing in Eg need not always be provided as such that one is 
a pure semiconductor and the other is a semiconductor into which 
an additive is incorporated. The effect of the present invention 
can be achieved by differing the quantity of the additive in- 
cluded in the semiconductors; for instance, one may contain an 
additive for a concentration of from 10* 5 to 10 cm-*, and the 
other may contain the same additive at a concentration of from 
0.01 to 30%. Furthermore, the semiconductors may contain differ- 
ent types of additives. More specifically, one may contain 
carbon at a concentration of from 10is to 1022 cm-*, for instance, 
from 5 to 10%, and the other may contain nitrogen or oxygen at a 
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concentration of from 10 15 to 1022 cm* 3 , for instance, at a 
concentration of from 5 to 10%. It can be clearly understood 
from the theory and the example with the result above that the 
present invention removes the unfavorable notches, spikes, etc., 
which are generated by forming a junction of materials differing 
in Eg at the junction or in the vicinity thereof particularly 
important for the operation of a semiconductor device. The 
present invention also eliminates Ns intrinsic to the boundary. 
Thus, it can be seen that the present invention overcomes the 
problems which originate from the formation of a junction be- 
tween materials differing in lattice constant. The important 
point in the present invention is that it provides a semicon- 
ductor having a non-single-crystalline semiconductor structure 
free of microscopic lattice defects. By utilizing such a non- 
single-crystalline structure and neutralizing the recombination 
centers with hydrogen or a halogen, a semiconductor device 
having a continuous junction in which the energy gap can be 
changed continuously depending on the stoichiometric ratio is 
implemented. 

Fig. 2 illustrates an example for a case Eg is 
changed. In (A) , the junction corresponds to the boundary. An N- 
type wide energy gap W (WIDE) Eg is indicated with numeral (11), 
and a P-type narrow energy gap N (NARROW) Eg is indicated with 
numeral (13). In (B) is shown a case in which the same types, P- 
type conductive semiconductors, are combined. W-Eg and N-Eg are 
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indicated with numerals (11) and (14), respectively. In (C) is 
shown similarly a P conductive type. In (D) is given an NP 
junction. In (E) is illustrated a case in which a smooth NP 
junction is formed, while (F) shows a step-like NP junction. 

Fig. 3 shows a case in which two junctions are formed 
in a single semiconductor. Fig. 3, (A) shows an NPN transistor of 
a W-L-W type. Recombination can be accelerated in the P-type 
region of L according to the Eg of the charge. In (B) is shown a 
PNP transistor of an L-W-L type. In (C) and (D) are shown an NIP 
constitution of an L-W-L type and a PIN constitution of a W-W-L 
type, respectively. Concerning the W value, in case a light is 
irradiated, this constitution is expected to yield a high con- 
version efficiency in a range of from 15 to 30% with respect to 
a so-called photo cell or solar cell. In (E) and (F) are shown 
an NPN transistor of W-W-L type and a PNP transistor of an L-W-W 
type, respectively. 

Fig. 4 shows a structure particularly effective for a 
photo cell or a solar cell. Fig, 4 (A) shows an NPNP structure 
comprising 4 layers of W-N structure in which the energy gaps 
are in the relation of Eg (21) > Eg (22) > Eg (23), Eg (24). Eg 
(21) is selected as such that it corresponds to a wavelength of 
0.4 |i. Eg (24) corresponds to that of silicon, 1.1 eV. The 
semiconductors (22) and (23) are each provided at a thickness of 
from 0.1 to 1 ii, which are sufficiently shorter than the mobili- 
ty length of the carriers. By employing the structure above, the 



- 11 - 



photoelectric conversion efficiency can be changed to a range of 
from 25 to 50%; and loss of only about 20 to 30 was found at 100 
°C. Fig. 4 (B) shows a PIx^N structure. In this case again, Eg 

(25) is set at a wavelength of 0.4 ^A, while Eg (28) is 1.1 eV 
of silicon. Semiconductors (26) and (27) are intrinsic or 
substantially intrinsic to light, and the additive is increased 
only in (26) as compared with (27). Semiconductors (27), (26), 
and (2 5) are obtained by adding nitrogen at a concentration of 
from 1 to 5%, from 3 to 10%, and from 5 to 30%, respectively. 

In the description above, the two semiconductors are 
characterized in that they differ in conductive type and that 
they posses different energy band structures. However, the 
present invention is not only limited thereto, and semiconduc- 
tors of the same conductive type can be used; i.e., they may 
contain P- or N-type impurities at the same concentration, and 
Eg may change continuously or in a step-like manner. In case of 
the structure illustrated in Fig. 3 (A) or in 3 (B) , in particu- 
lar, Eg may be changed continuously from the surface to the 
inside, and the structure of the PNPN junction or the PI2I2N (Eg 
Ii > Eg I 2 ) may be changed substantially into such illustrated in 
Fig. 3 (C) • The photoelectric conversion efficiency of the 
resulting (C) is lower than that shown in (A) by about 5%, but 
the resulting structure (C) is advantageous in that it can be 
fabricated easily. 



- 12 - 



In Figs. 2 to 4, the additive can be determined in 
accordance with the object of the application. However, they are 
merely means for bringing the fabrication to industrially feasi- 
ble processes . 

As described in the foregoing, silicon, germanium, and 
silicon carbide were used as the semiconductor materials for the 
present invention. However, as a matter of course, other com- 
pound semiconductors, such as GaAs, GaAlP, or GaP may be used as 
well. Furthermore, anti-reflection films for photosensitive 
devices such as solar cells are provided at a thickness of X/ 4 

and depend on n (n is the refractive index of the semiconduc- 
tor) . Also as a matter of course, the quantity of the additive 
may be sufficiently increased to provide insulators of lower 
silicon nitride or lower silicon oxide (SiO or SiO x ) . 

It can be clearly understood from the foregoing that 
the examples of the present invention are provided by mainly 
using silicon. However, the present invention is not only limit- 
ed to cases using silicon. In cases using germanium, silicon 
nitride, etc., the present invention allows Eg to be properly 
controlled in accordance with the semiconductor device to which 
the semiconductor is applied. Furthermore, to obtain a practical 
device from the semiconductor, hydrogen or a halogen such as 
chlorine for neutralizing Ns is added to a non-single-crystal- 
line semiconductor material above at a concentration of from 0.1 
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to 200% to obtain the basic material. It is also a characteris- 
tic point of the present invention that an additive such as 
oxygen, nitrogen, or carbon was added in a stoichiometric ratio 
in a range of from 10 is to 10 22 cm-3 while changing the concentra- 
tion stepwise or continuously; for instance, carbon was added at 
a concentration of from 0.1 to 80%, nitrogen at a concentration 
of from 0.01 to 10%, and oxygen at a range of from 10*5 to 1020 
cm-3 . Thus, even if semiconductors differing in Eg should be 
neighbored, Ns at the interface due to stacking fault and the 
like was prevented from generating. Furthermore, semiconductors 
of differing conductive types (P-, N-, and I -types) and conduc- 
tivity were implemented by changing the type and the quantity of 
addition of the impurities. The semiconductor devices can be 
obtained by mass production process, and are fabricated by a 
continuously performed glow discharge of low pressure chemical 
vapor deposition (CVD) . Thus, as a result, semiconductors whose 

thickness is freely variable in a range of from 0.01 |l to 10 [l 

* 

and whose P- or N-type impurity concentration is variable in a 
range of from 10* 4 to 10 22 C m-* can be obtained. Moreover, PN 
junctions, PI junctions, NI junctions, or multilayer junctions 
such as PNP and PIN can be readily fabricated. The present 
invention is also strongly characterized in that mass production 
can be effected continuously in a same reaction furnace, and 
that it leads to a novel field of industry. 
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4. Brief Description of the Drawings 

Fig. 1 shows the energy band of a conventional hetero 
junction; Figs. 2 to 4 show the examples according to the pres- 
ent invention. 
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